Caffeoylquinic acid (CQA) is one of the phenylpropanoids found in coffee beans, sweetpotato, propolis, and other plants. [1] [2] [3] CQA derivatives have a variety of bioactivities such as antioxidant, antibacterial, anticancer, antihistamic, and other biological effects. [4] [5] [6] [7] [8] In our previous study, we demonstrated that 3,5-di-O-caffeoylquinic acid (3,5-di-CQA) inhibits amyloid b 1-42 -induced cellular toxicity on human neuroblastoma SH-SY5Y cells, and increases the mRNA expression level of glycolytic enzyme, phosphoglycerate kinase 1 (PGK1) and the intracellular ATP level. 9) We also indicated that 3,5-di-CQA administration induced the improvement of spatial learning and memory on senescence accelerated-prone mice 8 (SAMP8), and the overexpression of PGK1 mRNA level.
ATP production. So, we initially synthesized 1,4,5-tri-O-caffeoylquinic acid (1,4,5-tri-CQA) as shown in Chart 1. Isopropyridene quinide (2) was synthesized from commercially available quinic acid (1), according to previously reported method.
12) Di-O-acetylcaffeoyl chloride (b) was used for followed esterification reaction. Acid chloride b was obtained from commercially available caffeic acid (a) in two steps, acetylation with Ac 2 O in pyridine and chlorination with SOCl 2 .
10) Isopropyridene quinide (2) reacted with acid chloride b in pyridine and CH 2 Cl 2 to afford ester 3 in 50% yield.
11) The acetonide group of 3 was selectively cleaved with 90% trifluoroacetic acid (TFA) to give diol 4 in 61% yield. Diol 4 was heated with five equivalents of c under reflux in benzene for 24 h to afford tri-ester 5 in 86% yield. Hydrolysis of all protecting groups was accomplished with 1 M HCl at room temperature to obtain 1,4,5-tri-CQA (6) in 46% yield. To our knowledge, this is the first report that archive the synthesis of 1,4,5-tri-CQA.
Synthesis of 4,5-di-O-Caffeoylquinic Acid
Next, we planed to synthesize 4,5-di-O-caffeoylquinic acid (4,5-di-CQA) by the introduction of protective group to 1-hydroxyl group (Chart 2). One regioselective synthesis of 4,5-di-CQA has been reported in the literature. 13) We attempted to improve the yield by changing the protective group to trichloroethylethoxy carbamate group that was specifically cleaved with zinc and AcOH. 14) The hydroxyl group at C-1 of isopropyridene quinide 2 was protected with trichloroethylethoxy carbamate to give compound 7 in 84% yield. The C-4,5-acetonide group of 7 was selectively removed by 90% TFA to afford diol 8 in 93% yield. In these results, the yields of 7 and 8 were improved, compared with previous literature. 14) Diol 8 was heated with four equivalents of b under reflux in benzene for 24 h to afford di-ester 9 in 50% yield. Cleavages of acetyl groups and lactone moiety by 2 M HCl at room temperature afforded compound 10 and 4,5-di-CQA (11) in 56% and 29% yield, respectively. Finally, the carbamate group was removed by zinc powder and AcOH to obtain 4,5-di-CQA (11) in 73% yield.
Synthesis of 3,4,5-tri-O-Caffeoylquinic Acid
Then, we planed to synthesize 3,4,5-tri-CQA by introduction of caffeoyl groups to 4-and 5-hydroxyl groups subsequently to 3-hydroxyl group in quinic acid (Chart 3). Bisacetonide 12, which was synthesized from quinic acid (1), was reacted with acid chloride b in pyridine and CH 2 Cl 2 providing ester 13, according to the previous report.
10) The 4,5-acetonide group of 13 was selectively removed with 0.4 M HCl in 80% MeOH and tetrahydrofuran (THF) to afford diol 14 in 69% yield. Diol 14 was heated with four equivalents of acid chloride b under reflux in benzene for 24 h to give tri-ester 15 in 40% yield. Hydrolysis of the acetonide and acetyl groups were accomplished with 2 M HCl at room temperature to obtain 3,4,5-tri-CQA (16) in 58% yield. To our knowledge, this is first report that archive the synthesis of 3,4,5-tri-CQA.
Syntheses of Other Chemical Derivatives Double bond moiety of chlorogenic acid was reduced by H 2 and Pd/C, providing reduced chlorogenic acid in equal quantity. 3,5-Di-CQA methyl ester and 3,4,5-tri-CQA methyl ester were synthesized according to the literature.
13)
The Accelerating Activity on ATP Production Based on our previous study, CQA has a neuroprotective effect Chart 2 through the up-regulation of glycolytic enzyme expression and ATP production. 9) Levels of ATP in SH-SY5Y treated with each CQA derivative were evaluated for structure-activity relationship on energy production accelerating activity in neuronal cells. The structures of tested compounds are shown in Table 1 . SH-SY5Y cells were treated with each compound and intracellular ATP levels were measured (Fig. 1) .
ATP level in quinic acid treated cells was not significantly changed compared to control cells. In chlorogenic acid, 3,5-di-CQA, 3,4,5-tri-CQA, and 1,4,5-tri-CQA treated cells, each ATP level was significantly increased (pϽ0.01). Among these compounds, 3,4,5-tri-CQA showed the highest accelerating activity. In fact, ATP levels were significantly increased by 116Ϯ7.4% (5 mM), 124Ϯ9.2% (10 mM), and 114Ϯ6.6% (20 mM) compared to control cells (pϽ0.01). On the other hand, caffeic acid alone did not significantly increase ATP level. These results suggest that caffeoyl groups bound to quinic acid are important for activity, and the more caffeoyl groups are bound to quinic acid, the higher accelerating activity on ATP production exhibit. Reduced-chlorogenic acid did not significantly increase ATP level, so it was thought that double bond moiety in caffeoyl groups was important for the activity. In 3,5-di-CQA methyl ester and 3,4,5-tri-CQA methyl ester treated cells (5 mM), intracellular ATP levels were significantly increased (pϽ0.01), while in 20 mM-treated cells the ATP levels were decreased. Thus, it suggested that carboxyl group in quinic acid was important for the accelerating activity on ATP production. 
Experimental
General Experimental Procedure Optical rotations were recorded on a Jasco DIP-370. UV spectra were recorded on a HITACHI U-2000A spectrometer. IR spectra were recorded on a JASCO FT/IR-300 spectrometer. 1 H-and 1-O-Acetylcaffeoyl-1,5-quinide (4) Compound 3 (0.90 g, 1.9 mmol) was dissolved in 80% TFA (20 ml) at room temperature. The reaction mixture was stirred at room temperature for 1 h. Saturated NaHCO 3 aq (30 ml) was added at 0°C, and aqueous phases were extracted with EtOAc (50 mlϫ2). The organic layer was washed with brine and dried over MgSO 4 
1,4,5-tri-O-Acetylcaffeoyl-quinide (5)
To a solution of 1-O-acetylcaffeoyl-1,5-quinide (4, 180 mg, 0.43 mmol) and dimethyl aminopyridine (DMAP) (5 mg, 48 mmol) in dry benzene (30 ml) was added dry pyridine (1 ml) at room temperature under N 2 atmosphere. Acid chloride (b, 602 mg, 2.1 mmol) was added, and the reaction mixture was refluxed for 24 h. The solution was cooled to room temperature and quenched by the addition of 1 M HCl. The aqueous phase was extracted with EtOAc (20, 50 ml). The organic layer was washed with brine and dried over MgSO 4 , filtered, and the solvent were removed in vacuo. The residue was purified by silica gel chromatography (CHCl 3 
1-O-(2,2,2-Trichloroethoxycarbonyl-)-1,5-quinide (8)
Compound 7 (0.70 g, 1.8 mmol) was dissolved in 90% TFA (7 ml) at room temperature. The reaction mixture was stirred at room temperature for 80 min. Saturated NaHCO 3 aq (30 ml) was added at 0°C, and the aqueous phase was extracted with EtOAc (50 mlϫ2). The organic layer was washed with brine and dried over MgSO 4 
1-O-(2,2,2-Trichloroethoxycarbonyl)-4,5-di-O-acetylcaffeoyl Quinide (9)
To a solution of compound 8 (580 mg, 1.7 mmol) in dry benzene (60 ml) was added dry pyridine (4 ml) at room temperature under N 2 atmosphere. Acid chloride (b, 1.88 g, 6.7 mmol) was added, and the reaction mixture was refluxed for 23 h. The solution was cooled to room temperature, and quenched by the addition of 1 M HCl. The aqueous phase was extracted with EtOAc (100, 150 ml). The organic layer was washed with brine and dried over MgSO 4 , filtered, and the solvent were removed in vacuo. The residue was purified by silica gel chromatography (hexane : EtOAcϭ1 : 1) to afford compound 9 (770 mg, 50%) as a colorless oil: 1 
1-O-(2,2,2-Trichloroethoxycarbonyl-)-4,5-di-O-caffeoylquinic
Acid (10) Compound 9 (690 mg, 0.82 mmol) was dissolved in a mixture of THF (9 ml) and 2 M HCl (6 ml) at room temperature. The reaction mixture was stirred at room temperature, and progress was monitored by TLC. After 14 d, the solution was extracted with EtOAc (100 mlϫ2) and H 2 O (100 ml). The combined organic phases were washed with brine and dried over MgSO 4 , fil- Fig. 2 . Structure-Activity Relationship of Caffeoylquinic Acid on the Accelerating Activity on ATP Production tered, and the solvents were removed in vacuo. The residue was purified by ODS chromatography (Cosmosil, OPN; MeOH : H 2 Oϭ50 : 50) to afford compound 10 (320 mg, 56%) and 4,5-di-O-caffeoylquinic acid (11, 125 3-O-Acetylcaffeoyl-1,7-isopropyridene-quinide (14) To a solution compound 13 (750 mg, 1.5 mmol) in THF (5 ml) and 80% MeOH (15 ml) was added 0.4 M HCl (30 ml) at room temperature. The reaction mixture was stirred at room temperature for 3.5 h. The solution was extracted with EtOAc (100, 150 ml) and H 2 O (150 ml). The combined organic phases were washed with brine and dried over MgSO 4 , filtered and the solvent were removed in vacuo. The residue was purified by silica gel chromatography (CHCl 3 : MeOHϭ98 : 2) to afford compound 14 (480 mg, 69%) as a colorless oil: 1 167.7, 165.7, 165.6, 165.5, 144.2, 144.0, 143.9, 143.8, 143.7, 143.6 (16) 3,4 ,5-tri-O-Acetylcaffeoyl-1,7-isopropyridene-quinide (15, 104 mg, 107 mmol) was dissolved in a mixture of THF (5 ml) and 2 M HCl (5 ml) at room temperature. The reaction mixture was stirred at room temperature, and progress was monitored by TLC. After 11 d, the solution was extracted with EtOAc (50 mlϫ2) and H 2 O (50 ml). The combined organic phases were washed with brine, and dried over MgSO 4 , filtered, and the solvents were removed in vacuo. The residue was purified by ODS chromatography (Cosmosil, OPN; MeOH : H 2 Oϭ50 : 50) to afford 3,4,5-tri-O-caffeoylquinic acid (16, 42 mg, 58%):
